The uptake of menadione (2-methyl-1,4-naphthoquinone), which is toxic to yeast cells, and its expulsion as a glutathione complex were studied by scanning electrochemical microscopy. The progression of the in vitro reaction between menadione and glutathione was monitored electrochemically by cyclic voltammetry and correlated with the spectroscopic (UV-visible) behavior. By observing the scanning electrochemical microscope tip current of yeast cells suspended in a menadione-containing solution, the export of the conjugate from the cells with time could be measured. Similar experiments were performed on immobilized yeast cell aggregates stressed by a menadione solution. From the export of the menadione-glutathione conjugate detected at a 1-m-diameter electrode situated 10 m from the cells, a flux of about 30,000 thiodione molecules per second per cell was extracted. Numerical simulations based on an explicit finite difference method further revealed that the observation of a constant efflux of thiodione from the cells suggested the rate was limited by the uptake of menadione and that the efflux through the glutathione-conjugate pump was at least an order of magnitude faster.
T o probe the transport activity of cells, we use scanning electrochemical microscopy (SECM), a technique that allows one to detect electroactive species at an ultramicroelectrode (UME) tip that can be positioned with high resolution. Here we monitor molecules that are transported from cells across membranes or ion channels into the external solution. A complete description of the fundamental principles, theoretical treatment, and applications of SECM has been published elsewhere (1) . The transport rate for the detection of a detoxification product that is released from yeast cells, thiodione, when cells are stressed with menadione (2-methyl-1,4-naphthoquinone) was studied. This study relies on the direct electrochemical detection of thiodione and therefore differs from previously reported studies that relied on a double redox mediator system to study intracellular redox activity of yeast (2, 3) .
Quinones are oxidants and electrophiles that are readily transported into cells, where they retain their ability to redox cycle, impose oxidative stress, and form covalent adducts with important cellular species. In vivo, quinone reduction to the semiquinone leads to the formation of reactive oxygen species (ROS) such as superoxide ion, peroxide, and hydroxyl radical. These are responsible for quinone-related oxidative damage associated with DNA cleavage and cell growth arrest (4) . To cope with such stress, cells have enzymatic and nonenzymatic defenses. Glutathione (GSH; L-␥-glutamyl-L-cysteinylglycine), the major nonprotein sulfhydryl compound present in cells (5) , plays a protective role in cells by means of its antioxidant properties by conjugation with harmful compounds and by chelation with heavy metals (6) . With quinones, GSH detoxifies cells by undergoing nucleophilic addition to quinones to limit the irreversible modification of cellular macromolecules. The thioether conjugates (GS-X) can then be degraded to other substances (6) or actively removed from the intracellular media by using an ATP-dependent GS-X pump. For thiodione, the GS-X remains intact and is partly transported by the GS-X pump in the cell membrane (7, 8) into the extracellular medium, where it can be detected by SECM.
The export of GS-Xs from cells is ATP dependent and is mediated by an integral membrane glycoprotein belonging to the multidrug-resistance protein (MRP) family. There are six isoforms of this pump in humans, and numerous orthologs of it have been identified in other organisms, such as yeast (7) . The universality of MRPs in different systems demonstrates the importance of these pumps in preventing the accumulation of GS-X in cells and in the final excretion of toxic compounds. Studying the effect of oxidative stress on the organism and export processes by these GS-X pumps is interesting because resistance to the cytotoxic action of drugs has been attributed to overexpression of both GSH S-transferases (GSTs) and the MRP proteins (9, 10) .
When studying biological systems with SECM, one can choose between the feedback or generation collection (GC) modes. In general, the negative-feedback mode yields little information about the biological activity of the substrate and is mainly used to find the tip-to-substrate distance and image biological samples, as used recently with PC12 cells, dopamine-releasing immortal rat cells (11) .
There have been a number of SECM studies of biological systems, such as enzymes and intact live cells. There was the study of photosynthesis on the leaves of Tradescantia fluminensis based on oxygen reduction profiles (12) and the study of resorption of osteoclasts on bone slices by using a Ca 2ϩ potentiometric sensor (13) . Since then, SECM has been extended to full cellular studies. Matsue and colleagues (14) (15) (16) (17) (18) reported live cell studies and monitored respiration rate changes by using oxygen reduction profiles for different cell types. In these experiments, oxygen is present in solution and is consumed by the living organism. More oxygen is consumed close to the cells, and a lower oxygen reduction current is measured. Mirkin and colleagues reported studies on human breast cells (19) and Rhodobacter sphaeroides (20) , where the feedback mode of SECM was used to monitor the regeneration reaction of various mediators when exposed to cells. These studies provided useful information about the permeability of the membrane to a wide variety of redox couples and led to the development of a theoretical treatment that could extract kinetic information about these processes (21) . SECM was reported to be able to distinguish between normal and malignant cells (22) .
Materials and Methods
2-Methyl-3-glutathionyl-1,4-naphthoquinone Synthesis. 2-Methyl-3-glutathionyl-1,4-naphthoquinone (thiodione) was synthesized and recrystallized as previously reported (23) , and was charac-terized by elemental analysis and H NMR (see Supporting Materials and Methods, which is published as supporting information on the PNAS web site).
Cell Growth and Sample Preparation. Saccharomyces cerevisiae cells (strain day4, day4vac) were grown on rich medium plates [10 g of yeast extract (Fischer), 20 g of peptone (Fluka), 20 g of dextrose (Fluka) filtered after autoclaving, 20 g of agar (Fluka), and 1 pellet of NaOH in 1 liter of water] in an incubator at 37.5°C for 3 days.
To carry out the bulk yeast cell experiments, Ϸ10 9 cells were transferred to an electrochemical cell containing degassed 0.5 mM menadione. This yeast concentration in a stock solution was determined from successive dilution measurements on agar plates. To determine the concentration of living cells that contributed to the electrochemical signal, a 50-l aliquot of this solution was diluted with 10 ml of PBS. This dilution procedure was repeated three additional times, so that the final solution was 1.6 ϫ 10 9 times more dilute than the stock solution. Rich media plates were made and then plated with 200-l aliquots of the different diluted solutions. Three sets of five plates were incubated for 3 days at 37.5°C and the number of colonies produced was counted. Only the plates with large numbers of isolated, well-separated colonies that did not show any signs of discoloration were used for the concentration determination. Because a colony is produced from a single cell, the original concentration of cells in the solution used in the electrochemical experiments could be estimated. On average, 10 9 living cells contributed to the electrochemical current measured in the bulk cell experiments. Turbidity measurements were not used to determine concentrations because they are based on scattering from the cell walls and do not differentiate between living and dead cells. Because a large number of cells produce a relatively small oxidation current, experiments with immobilized cell aggregates have to be carried out with small solution volumes to be able to detect the thiodione export.
To attach the yeast cells to glass, the glass surface was cleaned overnight in 1% HCl͞70% ethanol͞29% water (by volume) and then rinsed with water. The glass slides were dried in an oven at 110°C, whereas the glass-bottom Petri dishes (Delta T dishes, Bioptechs, Butler, PA) were air dried. The glass surfaces were coated with a 10% poly(L-lysine) (Sigma) solution for 5 min, after which they were thoroughly rinsed and dried in the oven at 60°C for 1 h. Yeast cells were then transferred to the phosphate buffer, stirred, and poured over the poly(L-lysine)-treated glass Petri dish or slides. The cell solution contacted the treated glass for 20 min and was drained, followed by rinsing and drying. Fluorescence cytotoxicity experiments with 10 mM FUN1 fluorescent dye (Molecular Probes) incubated 1 h in the dark confirmed that the immobilized cells were alive for several hours. Description of electrode fabrication can be found in Supporting Materials and Methods.
Electrochemistry. A CHI model 900 scanning electrochemical microscope (CH Instruments, Austin, TX) was used to control the tip potentials, obtain the approach curves, and monitor the tip-to-substrate distance.
The electrochemical behavior of synthesized thiodione, the spontaneous reaction between menadione and GSH, and the bulk yeast cell experiment were monitored by cyclic voltammetry (CV) and used both 1-to 4-and 25-m Pt electrodes. The particular experimental parameters are given in the figure legends. The course of the in vitro reaction and the absorbance of the synthesized compound were confirmed by UV-visible spectroscopy (Milton-Roy Spectronic 3000 array).
To perform the experiments on the immobilized yeast cell aggregates, the SECM head was placed on the stage of an inverted microscope (Eclipse TE300 Nikon Inverted Microscope, Melville, NY) to facilitate tip positioning over the cells (Fig. 1 ). The tip was first positioned in air over the yeast aggregates by using the piezoelectric drivers of the SECM. The quartz tips are very flexible and do not break upon contact with the glass surface. The electrode was therefore positioned in air until the tip was visually seen to touch a bare glass region. The tip was then retracted 10 m away from the sample and positioned over an aggregate optically. The tip and fiber optic were held in the middle of a Ag͞AgCl reference coil so that a 50-l drop of menadione solution could be supported and would just contact the sample surface. These experiments were performed in a two-electrode setup because the currents are small with the UMEs used. The fiber optic was used to illuminate the sample and reduce the shadowing effect of the tip holder. Once positioned, a small drop of buffer was placed in the reference coil and a voltammogram was recorded. The drop was then aspirated out and replaced by a 50-l drop of degassed menadione (0.1 mM) and CV was started immediately.
Results and Discussion
Thiodione Electrochemistry. The voltammograms of solutions containing menadione, GSH, and synthesized thiodione are shown in Fig. 2A . The GSH does not show any redox reactions at Pt under these conditions, whereas the menadione and thiodione both show a two-electron reduction of the quinone moiety at about Ϫ0.7 V vs. a SMSE. The steady-state current for thiodione is significantly smaller than that of the menadione at the same concentration because thiodione is larger and has a smaller diffusion coefficient, 4.0 ϫ 10 for menadione as determined from the limiting currents of the reduction waves. The thiodione reduction E 1/2 is about 150 mV more negative than that of menadione. This spacing is insufficient for clear differentiation between the two compounds by using CV. These results agree with previous studies that reported similar decreases in E 1/2 for thiodione versus menadione as measured by HPLC with electrochemical detection (24) . The thiodione conjugate can be distinguished from menadione by its irreversible oxidation wave at about 0.1 V vs. SMSE (Fig. 2B) , where neither menadione nor GSH gives any electrochemical response. This allows one to analyze simultaneously for the conjugate and the combined menadione and thiodione by CV during the spontaneous reaction of menadione and GSH by the nucleophilic addition of the glutathionyl at the 3 position of the menadione ring. Upon mixing equimolar amounts of menadione and reduced GSH, the oxidation wave is seen to increase with time until it levels off to a limiting value upon completion. The synthesized compound was used to show that the limiting current was proportional to the concentration (Fig. 2C) .
The mechanism of the electrochemical oxidation of thiodione has yet to be elucidated but is probably an irreversible oxidation of the sulfide to the sulfoxide, based on previous reports of the electrochemistry of similar sulfur-containing compounds (25) . From H NMR data (both in water and in dimethyl sulfoxide), the electrochemistry at large electrodes (data not shown) and previously reported studies (26) , the menadione-glutathione conjugate probably remains in the oxidized form after the conjugation reaction.
The formation of thiodione was also monitored by UV-visible spectrophotometry of the solution at various times during the conjugation reaction and confirms the reported growth of a broad shoulder at 425 nm (Fig. 2D) (27) . The concentration of thiodione increased with time until completion, and the final concentration observed was very close to 0.125 mM, the expected yield calculated from the initial concentrations (Fig. 2D  Inset) . The reaction between dissolved menadione and GSH is slow, with a half-life of the reaction, t 1/2 , of 36 min. This long reaction time supports the idea that in cells, the conjugation is enzyme assisted, consistent with studies showing that GSTs catalyze the formation of GS-X in S. cerevisiae (28, 29) .
Bulk Yeast Cell Experiments. About 10 9 cells in 2 ml of 0.5 mM menadione solution were used to detect the export of thiodione from yeast cells. Menadione readily diffuses into the cells, where it conjugates with intracellular GSH and, by means of the yeast ortholog of the multidrug-resistance protein pump, is either exported into the extracellular medium or sequestered in a vacuole (6, (29) (30) (31) (32) . Export of thiodione to the extracellular medium was monitored with a 25-m Pt electrode immersed in the solution, where the voltammogram shows the growth of the anodic thiodione wave with time at the same potential as that seen in the thiodione synthesis experiment (Fig. 3 A and B) . This observation confirms the electrochemical detection of the conjugate exported from yeast cells as a result of menadioneimposed oxidative stress.
To examine immobilized cells, as discussed in the next section, a smaller (4-m) tip is required. To understand better the sensitivity of such a tip, similar bulk cell experiments (not shown) and the in vitro reaction of menadione and GSH were also carried out with smaller, 4-m, tips. As seen in Fig. 3C , the limiting current obtained upon completion of the reaction is almost identical to that calculated from the initial concentrations of reagents. To obtain good quantitative results with the small UME, the solution had to be degassed and a large potential sweep was required. The large potential sweep was useful in desorbing material from the electrode surface and ensured good quantitative results.
Studies have suggested that GSH itself might be released from cells by the ATP-dependent low-affinity transport YCF1 transporter (30) . The amounts of extracellular GSH, used as a signaling molecule, in that report was 0.2% of the intracellular concentration of GSH, normally between 1 and 10 mM. Any appreciable amounts of GSH exported during our measurements would, in time, compromise the response observed because of its reaction with extracellular menadione. Using a hanging mercury drop electrode (HMDE) and mercury hemispherical electrodes (33), we repeated the bulk yeast cell experiments in the absence of extracellular menadione. GSH alone in a PBS solution gives a well defined quasireversible oxidation signal at low concentrations at Hg (see Fig. 7 , which is published as supporting information on the PNAS web site). At higher concentrations, adsorption processes dominate and alter the response (34) . In the presence of bulk cells neither the HMDE nor the hemispherical mercury UMEs detected any significant amount of GSH coming from the cell over a time period of hours. This lack of detection was not due to electrode fouling, because at the end of these experiments an aliquot of GSH at a concentration of 0.5 mM was added and a good electrochemical response was observed. Thus, if there is any GSH exported along with the thiodione, the amounts are sufficiently small that they do not significantly affect the detection of the export of the conjugate.
Immobilized Yeast Cell Aggregate Experiment. Under physiological conditions, S. cerevisiae cells have a negatively charged cell surface (35) , where surface macromolecules, such as mannoproteins and glucan that contain phosphodiester, amino, and carboxyl groups, produce charge on the cell that aids in adhesion processes (36) . Yeast cells can therefore be immobilized on glass supports that have been pretreated with poly(L-lysine). The immobilized cells remain alive for several hours, as confirmed by fluorescence studies performed with FUN1 viability dye (Fig. 4  A and B) , which identified the appropriate dose of menadione (100 M) to be used and documented the effect of the microscope Hg lamp exposure on the cell viability (data not shown).
The concentration of the thiodione exported from 131 cells is presented in Fig. 4E . At 0.35 V vs. SMSE, the thiodione signal increases with time. Fig. 4C shows an optical micrograph of the 4-m tip positioned 10 m above the yeast cell aggregate made during an SECM scan. Cyclic voltammograms were taken with time after introduction of the menadione (Fig. 5) . The current at 0.35 V was measured and converted to thiodione concentration by using the steady-state current expression for a disk UME. The steady-state tip current, I ss , given by
where the number of electrons is 2, F is the Faraday constant, D is the diffusion coefficient of thiodione in solution (4 ϫ 10 Ϫ6 cm Ϫ2 ⅐s
Ϫ1
), C o is the concentration of thiodione, and a is the radius of the Pt electrode (2 m). The response was background subtracted for the electrolyte signal. The first CV showed a response identical to that of the background and so the first run was assigned as t ϭ 0 s.
The general shape of conjugate export in Fig. 4E is consistent with that observed in other studies that looked at efflux of thiodione from rat platelet-rich plasma by using a HPLC-UVvisible detection scheme (37) and that of the electrochemical detection of doxorubicin export from Chinese hamster ovary cells (38) .
Model of Thiodione Release. A simplified model (Fig. 4D ) was used to calculate the thiodione efflux per cell per second, J cell . Menadione, M o , readily diffuses into the yeast cells with a heterogeneous rate constant, k in . Inside the cell, the menadione (M i ) is conjugated (homogeneous rate constant, k con ) by GSH (G) and is converted to thiodione (MG i ) by the action of GSTs (28) . This conjugation is known to be fast relative to the uptake of menadione and the efflux of thiodione, based on reported rat hepatocyte studies. Inside the cell, the formation of the conjugate is rapid as opposed to the slower in vitro reaction between menadione and GSH (39). Platelet-rich plasma studies in rats also showed that as much menadione is consumed by conjugation as is taken up by the cells based on HPLC with absorbance measurements (37) . Once conjugated, thiodione is rapidly exported into the extracellular medium (MG o ) with a heterogeneous rate constant, k out , by the GS-X pump.
For a substrate such as the aggregate of yeast cells that is large compared with the tip diameter, one can assume linear diffusion of MG o leaving the cell. We assume that the flux of MG o (mol⅐s 
C͑x, t͒
where D (cm 2 ⅐s
Ϫ1
) is the diffusion coefficient of thiodione in solution, x (cm) is the distance from the cell, and t (s) is time. A similar approach was previously used in a study of the efflux of doxorubicin from an auxotrophic mutant of Chinese hamster ovary cells, AUXB1, and its multidrug-resistant strain (41) . The concentration at the tip is obtained by setting x equal to the distance between tip and cell. The yeast experimental data in ]. The thiodione detected by the UME originated from an aggregate of cells that was isolated from other single cells or aggregates (Fig. 4C) , divided by the number of yeast cells in the aggregate. This value is in general agreement with the previous study (41) , although a direct comparison to their J values is not possible because of the large difference between the cell lines as well as the assumption that the tip electrode was at x ϭ 0 (made to simplify the fitting).
The concentration of thiodione (Ϸ10 M) expelled from the cell represents only 10% of the concentration of menadione (Ϸ100 M) used to stress the cells. The vacuolar sequestration of thiodione is thus probably an important detoxification pathway. Vacuolar sequestration and cellular extrusion of GSHconjugated xenobiotics and catabolites by GS-X pumps is an important detoxification mechanism in many organisms (42) . The confinement of conjugated compounds, heavy metals, and catabolites in plants (43) and in yeast (29, 31 ) is well known. In S. cerevisiae, vacuolar sequestration of many GSH conjugates is partly accomplished by a GS-X pump imbedded in the vacuolar membrane (30, 31, 38, 44, 45) . This pump is also present in the cytosolic membrane and transports the thiodione into the extracellular medium, where it can be detected by SECM. Bulk experiments with vacuole-deficient DAY4 (46) mutants were attempted to see whether increased export could be observed. In these experiments, thiodione export was observed (data not shown) but aggregate experiments were not successful because the small size of these mutants compared with the wild-type strain. Numerical simulation results for k in ϭ 5 ϫ10 Ϫ6 cm͞s (s), kin ϭ 7 ϫ10 Ϫ6 cm͞s (F), k in ϭ 8 ϫ10 Ϫ6 cm͞s (OE), kin ϭ 9 ϫ10 Ϫ6 cm͞s (), kin ϭ 1 ϫ10 Ϫ5 cm͞s (᭜). All numerical simulations were solved with k out ϭ 1 ϫ10 Ϫ4 cm͞s and kcon ϭ 1 s Ϫ1 . Fit of individual numerical simulation to Eq. 2 with x ϭ 10 m; D ϭ 4 ϫ 10 Ϫ6 cm 2 ⅐s Ϫ1 (red line). The potential was recorded with respect to an Ag͞AgCl electrode coil in a two-electrode configuration using a 4-m Pt UME.
The above model assumes that the probe electrode does not significantly disturb the thiodione concentration profile. This is a reasonable assumption because the probe electrode is small. Moreover, numerical simulations (to be reported elsewhere) of the concentration profiles above a surface with a constant flux of product, with and without a tip, were essentially the same. We also assume that diffusion controls mass transfer between the cells and the tip with negligible perturbation because of natural convection that often occurs in measurements extending beyond about 100 s. However, if only the first three points are used to fit Eq. 2, a k in ϭ 1 ϫ 10 Ϫ5 cm͞s is obtained. This value is only 20% larger than k in found by using the entire curve (within experimental error) and suggests that convection does not appreciably perturb the longer time measurements, as also assumed in earlier studies (41) . The simulation also gives quantitative results that are essentially the same as those of Eq. 2. In the simulations, a constant-flux condition was attained only when the rate of uptake of menadione was an order of magnitude lower than the efflux rate and the homogenous conjugation of menadione to GSH was fast. The rate of uptake of menadione extracted from the numerical simulations is k in ϭ 8 ϫ 10
Ϫ6
cm͞s. Based on the numerical simulations, the rate of efflux of thiodione by the GS-X pump must be at least an order of magnitude higher than the rate of uptake for a constant flux boundary condition to exist. Under these conditions a value for k out cannot be obtained. The outcome of this theoretical treatment suggests that menadione slowly diffuses into the cell and is followed by fast conjugation with GSH to produce thiodione that is rapidly pumped out of the cell.
That the uptake of menadione is the slow step is not surprising when one considers that the uptake requires passive diffusion across the membrane, whereas the export of thiodione is assisted by the GS-X pump. We have carried out similar measurements on a mammalian cell that shows less hindered transport across the membrane. Moreover, these larger cells (20-45 m in diameter) allow SECM imaging of the export process with a single cell. These results will be reported elsewhere.
Conclusions
Thiodione can be identified and detected electrochemically in solution during the reaction of menadione and GSH. The electrochemical detection of thiodione was corroborated by UV-visible studies. It can also be detected when exported from a bulk yeast cell suspension and from small yeast cell aggregates on a surface exposed to menadione. From the efflux of thiodione from an isolated yeast cell aggregate, a flux, J cell , of 5.3 ϫ 10 Ϫ20 mol per cell per second (or about 30,000 molecules per cell per second) was found, and suggests that the rate of uptake of menadione by the yeast cells (with a rate constant of k in ϭ 8 ϫ 10 Ϫ6 cm͞s) is the rate-determining process. The rate of efflux of thiodione through the GS-X pump is at least an order of magnitude higher than the latter for the constant-flux condition to obtain.
